Spatial control of cell-wall deposition is essential for determining plant cell shape [1] . Rho-type GTPases, together with the cortical cytoskeleton, play central roles in regulating cell-wall patterning [2] . In metaxylem vessel cells, which are the major components of xylem tissues, active ROP11 Rho GTPases form oval plasma membrane domains that locally disrupt cortical microtubules, thereby directing the formation of oval pits in secondary cell walls [3] [4] [5] . However, the regulatory mechanism that determines the planar shape of active Rho of Plants (ROP) domains is still unknown. Here we show that IQD13 associates with cortical microtubules and the plasma membrane to laterally restrict the localization of ROP GTPase domains, thereby directing the formation of oval secondary cell-wall pits. Loss and overexpression of IQD13 led to the formation of abnormally round and narrow secondary cell-wall pits, respectively. Ectopically expressed IQD13 increased the presence of parallel cortical microtubules by promoting microtubule rescue. A reconstructive approach revealed that IQD13 confines the area of active ROP domains within the lattice of the cortical microtubules, causing narrow ROP domains to form. This activity required the interaction of IQD13 with the plasma membrane. These findings suggest that IQD13 positively regulates microtubule dynamics as well as their linkage to the plasma membrane, which synergistically confines the area of active ROP domains, leading to the formation of oval secondary cell-wall pits. This finding sheds light on the role of microtubuleplasma membrane linkage as a lateral fence that determines the planar shape of Rho GTPase domains.
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In Brief
Rho GTPases and cortical microtubules play central roles in directing cell-wall patterns. Sugiyama et al. show that a microtubule-associated protein, IQD13, interacts with the plasma membrane to laterally confine the Rho GTPase domains, thereby leading to the formation of oval secondary cell-wall pits in xylem vessels.
SUMMARY
Spatial control of cell-wall deposition is essential for determining plant cell shape [1] . Rho-type GTPases, together with the cortical cytoskeleton, play central roles in regulating cell-wall patterning [2] . In metaxylem vessel cells, which are the major components of xylem tissues, active ROP11 Rho GTPases form oval plasma membrane domains that locally disrupt cortical microtubules, thereby directing the formation of oval pits in secondary cell walls [3] [4] [5] . However, the regulatory mechanism that determines the planar shape of active Rho of Plants (ROP) domains is still unknown. Here we show that IQD13 associates with cortical microtubules and the plasma membrane to laterally restrict the localization of ROP GTPase domains, thereby directing the formation of oval secondary cell-wall pits. Loss and overexpression of IQD13 led to the formation of abnormally round and narrow secondary cell-wall pits, respectively. Ectopically expressed IQD13 increased the presence of parallel cortical microtubules by promoting microtubule rescue. A reconstructive approach revealed that IQD13 confines the area of active ROP domains within the lattice of the cortical microtubules, causing narrow ROP domains to form. This activity required the interaction of IQD13 with the plasma membrane. These findings suggest that IQD13 positively regulates microtubule dynamics as well as their linkage to the plasma membrane, which synergistically confines the area of active ROP domains, leading to the formation of oval secondary cell-wall pits. This finding sheds light on the role of microtubuleplasma membrane linkage as a lateral fence that determines the planar shape of Rho GTPase domains.
RESULTS AND DISCUSSION

IQD13 Regulates the Shape of Secondary Cell-Wall Pits in Metaxylem Vessels
Cortical microtubules surrounding active ROP11 domains are implicated in maintaining the planar shape of active ROP11 domains in xylem cells [3] . To investigate how microtubules regulate the planar shape of active ROP domains, we attempted to identify a novel scaffold for ROP domains and microtubules. Among the genes that are upregulated during xylem differentiation [6] , we focused on Arabidopsis IQD13 (AT3G59690), encoding an IQ67 domain (IQD) protein, because some IQD family members associate with microtubules [7, 8] and are thought to function as scaffolds [9] . Quantitative RT-PCR analysis confirmed that IQD13 was upregulated in cultured metaxylem cells [5] (Figure S1A ). To determine the subcellular localization of IQD13 in xylem cells, we introduced IQD13-GFP into cultured metaxylem cells under the control of the estrogen-inducible LexA promoter [10] . IQD13-GFP localized to filamentous structures beneath secondary cell walls ( Figure 1A ). These filaments were marked with tag red fluorescent protein (tagRFP)-tubulin, indicating that IQD13 localizes to cortical microtubules (Figure 1B) . IQD13-GFP also localized to microtubules when expressed under the control of the IQD13 promoter (Figures S1B and S1C). GFP signals were observed at almost all cortical microtubules both inside and outside of secondary cell-wall pits ( Figure S1D ). Interestingly, IQD13-GFP signals did not uniformly decorate the cortical microtubules but rather accumulated at some domains along the cortical microtubules. Kymographs of microtubules showed that IQD13-GFP was immobile (Figure S1E ; Movie S1), suggesting that the association of microtubules with IQD13 does not involve simple side binding.
To explore the function of IQD13 in planta, we investigated the expression pattern of IQD13, as well as the effects of knockdown, knockout, and overexpression of this gene. The expression of pIQD13:GUS was detected at vessels in roots, cotyledons, and leaves, as well as trichomes ( Figure S1F ). In the roots of pIQD13:IQD13-GFP plants, IQD13-GFP fluorescence was preferentially localized to microtubule-like filaments beneath the secondary cell walls of metaxylem cells ( Figure 1C ).
To knock down IQD13 expression by RNAi, we introduced LexA:IQD13-RNAi into plants; LexA:GUS-RNAi was used as a control. IQD13 mRNA abundance in IQD13-RNAi plants was reduced to approximately 50% of control levels ( Figure 1D ). The IQD13-RNAi plants exhibited large, round secondary cellwall pits in metaxylem vessels in the root, whereas control plants had oval secondary cell-wall pits ( Figure 1E ). Indeed, the aspect ratio and surface area of the secondary cell-wall pits were significantly lower and higher, respectively, in IQD13-RNAi plants than in the control ( Figure 1F ), suggesting that IQD13 activity is required for the oval shape of secondary cell-wall pits. The iqd13 T-DNA-tagged plants also exhibited larger and rounder secondary cell-wall pits than wild-type plants (Figures S1G-S1I), confirming that IQD13 is required for the oval shape of secondary cell-wall pits. We also investigated its closest paralog, IQD14 (AT2G43680), which exhibits 61% identity to IQD13. The iqd14 T-DNA-tagged plants exhibited normal secondary cellwall pits (Figures S1G-S1I). However, iqd13 iqd14 plants exhibited larger secondary cell-wall pits than iqd13 plants (Figures S1H and S1I), suggesting that IQD14 redundantly regulates the secondary cell-wall pit shape with IQD13. Introduction of pIQD13:IQD13-GFP complemented the secondary cell-wall pit Figure S1 and Movie S1.
shape of iqd13 iqd14 plants (Figures S1H and S1I), suggesting that C-terminally tagged IQD13 retains normal activity.
To examine the effects of IQD13 overexpression, we treated transgenic plants harboring LexA:IQD13 with 2 mM estradiol for 2 d. IQD13 mRNA levels were approximately ten-fold higher in estradioltreated plants than in the control ( Figure 1G ). IQD13-induced plants developed narrow, elongated secondary cell-wall pits ( Figures 1H and 1I ). Given that IQD13 associates with microtubules, we reasoned that the altered expression levels of IQD13 might affect microtubule behavior. Therefore, we treated the plants with the microtubule-stabilizing drug Taxol. Taxol treatment also induced the formation of narrow secondary cell-wall pits (Figures S1J and S1K), although its effect on pit length was milder than that of IQD13 overexpression ( Figure S1L ). These data suggest that IQD13 determines the planar shape of secondary cell-wall pits by regulating microtubule dynamics.
IQD13 Promotes Microtubule Rescue
To elucidate the role of IQD13 in regulating microtubule dynamics, we examined the effect of ectopic expression of IQD13 on cortical microtubules in cultured non-xylem Arabidopsis cells in which endogenous IQD13 was not expressed. We introduced LexA:IQD13-tagRFP and 35S:GFP-TUB6 into the cultured cells and observed the microtubules 24 hr after estrogen application. The transverse cortical microtubule pattern was not affected by IQD13 induction. However, the density of cortical microtubules was obviously higher in IQD13-induced cells than in the control (Figure 2A) . The microtubule density, expressed as the relative area of GFP-positive pixels, was 20% higher in IQD13-induced cells than in the control ( Figure 2B ), suggesting that IQD13 increases cortical microtubule density. We confirmed the increase in cortical microtubule density in IQD13-induced cells by transmission electron microscopy. The density of cortical microtubules in IQD13-induced cells was also higher in cross-sections of the cell cortex than in the control ( Figures S2A and S2B ). However, like the cortical microtubules in control cells, the microtubules in IQD13-induced cells localized to the vicinity of the plasma membrane and were indistinguishable from those of control cells ( Figure S2A ), suggesting that IQD13 specifically increases cortical microtubules. To confirm this notion, we prepared plasma membrane ghosts from a LexA:IQD13 cultured cell line and stained the microtubules that were retained on the ghosts ( Figure S2C ). The ghosts of IQD13-induced cells retained microtubules at a higher density than those from control cultured cells ( Figure S2D ). These data strongly suggest that IQD13 increases cortical microtubules, Table S1 , and Movie S2.
which is in keeping with their tight association with the plasma membrane.
Cortical microtubules exhibit dynamic instability at their plus tips, including growth, shrinkage, catastrophe, and rescue [11] . To clarify which process IQD13 regulates, we examined the behaviors of cortical microtubules in cultured non-xylem cells expressing LexA:IQD13-tagRFP together with 35S:GFP-TUB6. IQD13-tagRFP labeled most of the cortical microtubule area ( Figure 2C ). However, IQD13-tagRFP was occasionally absent from the tips of microtubules ( Figure 2C , arrowheads). The IQD13-free tips repeatedly underwent growth and shrinkage. These microtubules stopped undergoing shrinkage almost every time they reached the IQD13-labeled sites and immediately resumed growth (Figures 2D and 2E ; Movie S2). By contrast, in control cells lacking exogenous IQD13, cortical microtubules did not exhibit this site-specific rescue ( Figure 2F ). The frequency of rescue in IQD13-tagRFP-expressing cells was 3.22 events/min, which is significantly higher than the rescue frequency of 1.71 events/min detected in control cells (Table S1 ). These results indicate that IQD13 promotes microtubule rescue, leading to an increase in cortical microtubule density.
To confirm the effect of IQD13 on cortical microtubules, we investigated the effects of the anti-microtubule agent oryzalin in tobacco (Nicotiana benthamiana) leaf epidermal cells. In control cells, 5 mM oryzalin treatment was sufficient for removing microtubule filaments ( Figures S2E and S2F ). By contrast, IQD13-tagRFP-expressing cells retained dense microtubules in the presence of 5 mM oryzalin, and even in the presence of 15 or 30 mM oryzalin ( Figures S2E and S2F ). These results indicate that IQD13-labeled microtubules are highly stabilized and resistant to oryzalin, supporting the notion that IQD13 positively regulates microtubule behavior by promoting rescue.
IQD13 Interacts with the Plasma Membrane and Microtubules
IQD13 encodes a 517-amino acid protein containing an IQ67 domain (IQD) and seven motifs that are conserved among IQD family members [12] . To reveal the mechanism by which IQD13 regulates cortical microtubules, we fused eight fragments of the IQD13 coding sequence ( Figure 3A the N-terminal region (IQD13 ), C-terminal region (IQD13 ), IQD13 , and IQD13
301-412 localized to the cytoplasm ( Figure 3B ). The three microtubulelocalized fragments were separated from the non-microtubule-localized fragments ( Figure 3A ), suggesting that IQD13 most likely contains three separate microtubule-associating regions. Next, we investigated the localization of truncated IQD13 proteins lacking each of the three microtubule-interacting domains. All three truncated proteins still localized to cortical microtubules ( Figures S3A and S3B ), suggesting that all three microtubule-interacting regions contribute to the microtubule association of IQD13. Interestingly, IQD13 -GFP signals were not detected at microtubules or cytoplasm, but they were detected at the cell surface. We therefore examined the localization of IQD13-GFP 1-83 using the plasma membrane marker tagRFP-ROP11 ( Figure 3C ). The peak of IQD13 -GFP signals across the plasma membrane at the mid-plane of the cell colocalized with that of tagRFP-ROP11 signals, whereas the signals from IQD13 , lacking 20 N-terminal amino acids, did not colocalize with tagRFP-ROP11, instead localizing to the cytoplasm ( Figure 3C , intensity profiles), indicating that IQD13 associates with the plasma membrane through its 20 N-terminal amino acids. We carefully reexamined the localization of full-length IQD13 (IQD13 FL )-GFP at the mid-plane of the cell. IQD13 FL -GFP was detected along the plasma membrane. In addition, we detected punctate signals indicative of cortical microtubules ( Figure 3C ). Together, these results strongly suggest that IQD13 interacts with both microtubules and the plasma membrane.
To further explore the nature of the microtubule association of IQD13, we performed fluorescence recovery after photobleaching (FRAP) analysis. Conventional microtubule side-binding proteins exhibit fast recovery of signals due to their active turnover on microtubules. However, IQD13
FL -GFP signals along cortical microtubules barely recovered after photobleaching (Figure S3C) , suggesting that IQD13 is highly stable on cortical microtubules. We then performed FRAP on the truncated IQD13 proteins ( Figure S3A ). IQD13 (DPM), which includes three putative microtubule-associating domains but lacks the plasma membrane interaction, exhibited very little recovery ( Figure S3D ). By contrast, (Figures S3E-S3G) . By fitting to a single exponential equation, we determined the mean half-time recovery (t 1/2 ) to be 6.60 ± 2.45 s and 1.00 ± 0.23 s for IQD13 (MT2) and IQD13 (MT3), respectively ( Figure S3H ). These values are comparable to those of known plant side-binding proteins such as MAP65 isoforms and MIDD1 [5, 13, 14] , suggesting that the MT2 and MT3 domains most likely possess microtubule side-binding activity. Very faint IQD13 (MT1)-GFP signals were detected at cortical microtubules ( Figure S3I ) and could therefore not be subject to FRAP analysis, suggesting that the MT1 domain associates only weakly with microtubules. Together, these data suggest that IQD13 tightly associates with microtubules through two separate microtubule-binding domains, MT2 and MT3.
To investigate the function of the interaction of IQD13 with the plasma membrane, we examined the effects of truncated IQD13 proteins on cortical microtubules. We (Figure 3D ), as observed in cultured Arabidopsis cells. The microtubule density, expressed as the relative area of GFP-positive pixels, was over 25% in IQD13-induced cells but only $17% in control cells ( Figure 3E ). By contrast, neither IQD13
DMT nor IQD13 DPM affected the density or alignment of microtubules ( Figures 3D and 3E ), suggesting that IQD13 must associate with both microtubules and the plasma membrane to increase cortical microtubule density.
IQD13 Regulates the Shape of Active ROP Domains
We previously demonstrated that the plasma membrane domains of active ROP11 GTPases determine secondary cell-wall pit formation [3, 4] . Because IQD13 interacts with the plasma membrane, we speculated that it is involved in the formation of active ROP domains. To examine this possibility, we reconstructed active ROP11 domains on the plasma membrane [3] and tested the effect of IQD13 on these domains. For this assay, we introduced LexA:ROP11, LexA:ROPGEF4 PRONE , and LexA:ROPGAP3 into leaf epidermal cells of N. benthamiana, which synchronously gave rise to active ROP domains on the plasma membrane at 24-36 hr after estrogen addition. In addition to these three constructs, we co- (Figures 4A and 4B) . Intensity profiling showed that cortical microtubules were present both inside and outside the active ROP domains (Figure 4A ), suggesting that microtubules were independent of the active ROP domains and did not influence the shape of ROP domains. By contrast, in IQD13 FL -ECFP-induced cells, the pattern of cortical microtubules became more parallel, and they associated with the boundaries of the active ROP domains ( Figure 4A ). The active ROP11 domains were significantly narrowed and elongated, as they were confined in the lattice of cortical microtubules (Figures 4A and 4B) . Microtubules were rarely observed in the active ROP domains ( Figure 4A , intensity profile), suggesting that these domains and cortical microtubules are mutually exclusive in the presence of IQD13.
We then co-introduced LexA:IQD13 DPM -ECFP, instead of fulllength IQD13, into the cells. Similar to what we observed in control cells, round, active ROP domains formed independent of cortical microtubules (Figure 4 ), indicating that the N-terminal plasma membrane-interacting domain of IQD13 is required to confine the active ROP domains. The IQD13 DPM fragment did not associate with the plasma membrane and also lacked the microtubule-stabilizing activity ( Figure 3E ). To determine whether the interaction with the plasma membrane is specifically required to confine the active ROP domains, we stabilized the microtubules by using Taxol ( Figure S4 ). Taxol did not affect the round shape of reconstructed active ROP domains ( Figure S4 ), suggesting that microtubule stabilization is insufficient to confine the active ROP domains. Similarly, introduction of IQD13 DPM -ECFP (enhanced cyan fluorescent protein) did not affect the round shape of active ROP domains even in the presence of Taxol ( Figure S4 ), indicating that IQD13 needs to associate with the plasma membrane to confine the active ROP domains. These data suggest that IQD13 can alter the planar shape of active ROP domains from round to narrow according to its expression levels ( Figure 4C ). The change in the planar shape of active ROP domains is consistent with the change in shape of secondary cell-wall pits in IQD13 knockdown and overexpression plants (Figure 1 ). Given that active ROP domains are determinants of secondary cell-wall pit patterning [3] , these data indicate that IQD13 determines the oval shape of secondary cell-wall pits by regulating the planar shape of the active ROP domains in metaxylem vessels.
In conclusion, we identified IQD13 as a key regulator of secondary cell-wall pit shape in metaxylem vessels. We showed that IQD13 interacts with both microtubules and the plasma membrane and specifically promotes cortical microtubule rescue, which consequently increases cortical microtubule density. In the presence of IQD13, cortical microtubules act like physical fences that laterally confine the localization of active ROP11. This activity requires the interaction of IQD13 with the plasma membrane. One possible explanation of this is that IQD13 forms additional linkages between cortical microtubules and the plasma membrane, which inhibit the outward diffusion of active ROP11 ( Figure 4D ). Under this scenario, increasing levels of IQD13 can amplify the cortical microtubules, as well as the ability of each microtubule to inhibit the diffusion of active ROP11, which synergistically enhance their ability to confine active ROP domains. Therefore, our findings reveal a novel mechanism wherein IQD13 couples the dynamics and plasma membrane association of microtubules to regulate the planar shape of active ROP domains. Considering that IQD13 is also expressed in the trichome ( Figure S1F ) and that IQD14 is expressed in various tissues including meristem and epidermis [15] , this mechanism may broadly regulate the planar shape of active ROP domains in plants. The plasma membrane domains of Rho/Rac/ROP GTPases are widely present in plants as well as animals and fungi [16] . Our findings shed light on the role of the microtubule-plasma membrane linkage as a lateral fence that regulates the planar shape of plasma membrane domains.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture
Arabidopsis thaliana suspension cells (Col-0) were cultured as described previously [4, 5] . Cells were cultured in 27 mL of modified Murashige and Skoog (MS) medium containing 4.33 g/L MS inorganic salts (Wako), 3% Sucrose, 1 mg/L 2,4-D, and B5 vitamins including 4 mg/L of nicotinic acid, 4 mg/L of pyridoxine-HCl, 40 mg/L of thiamine-HCl, and 400 mg/L of myoinositol, pH 5.8. The cells were agitated on a rotary shaker at 124 rpm at 22 C in the dark. At weekly intervals, 12-mL aliquots of the culture were transferred to 15 mL of fresh medium in a 100-mL culture flask.
Transformation was performed as described previously [4] . For stable transformation of LexA:IQD13 and LexA:IQD13-GFP, 3-d-old cells were co-cultured with Rhizobium radiobacter strain GV3101 MP90 harboring each construct for 48 hr in MS medium supplemented with 50 mg/L of acetosyringone. Claforan (0.5 mg/L; Aventis) was added to the culture, and the suspension cells were cultured for a further 5 d. Then, the cells were cultured in the MS medium supplemented with 10 mg/L of hygromycin B. Surviving cells were subcultured every week with hygromycin B at increasing concentrations up to 50 mg/L.
Xylem differentiation was performed as described previously [5] . To induce differentiation, 1 mL of a 7-d-old transgenic suspension cell culture harboring LexA:VND6 (eVND6 line) was transferred into a 15 mL tube and diluted with 9 mL of MS medium without 2,4-D. The cells were settled for 5 m and the upper 5 mL of the medium was removed to adjust cell density. The suspension culture was supplied with 2 mM 17-b-oestradiol (10 mM stock in DMSO) and 2 mM brassinolide (10 mM stock in DMSO), and was cultured for 24 hr.
Plant materials and growth conditions
All Arabidopsis thaliana plants used in this study were in Col-0 ecotype background. T-DNA insertion lines, iqd13 (SALKseq_107468) and iqd14 (SAIL_537_C12), were obtained from ABRC. Seedling were grown on 1/2 MS agar medium containing 0.2% sucrose or in soil at 22 C under the constant light condition. For the expression of estrogen-inducible genes, 5-d-old seedlings were transferred on 1/2 MS agar medium containing 2 mM estradiol and incubated for 2 d.
METHOD DETAILS
Plasmid construction
To generate LexA:IQD13, LexA:IQD13-GFP, LexA:IQD13-tagRFP, LexA:IQD13-ECFP, and their truncated derivatives, the coding sequence of IQD13 (AT3G59690) was PCR amplified with the appropriate primers (see Table S2 ) and cloned into the pENTR/ D-TOPO entry vector (Thermo Scientific). Truncated derivatives of IQD13 were generated by inverted PCR. The clones were recombined with the vectors pMDC7, pER-XG, pER-XR, and pER-XC [3] using LR Clonase Mix II (Thermo Scientific) to form untagged, C-terminal GFP, tagRFP, and ECFP fusions, respectively.
To generate pIQD13:IQD13-GFP, the genomic fragment of IQD13 including the 2-kbp region upstream of the translation initiation site was PCR amplified and cloned into the pEntr/D-TOPO vector. The clone was recombined with the pGWB504 vector [18] .
To generate LexA:IQD13-RNAi, the first 400 bp of the IQD13 coding sequence and an intron of WRKY33 were amplified and fused via PCR. The fused sequence was cloned into the pEntr/D-TOPO vector. A 400-bp fragment in the reverse orientation of the IQD13 coding sequence was inserted into the 3 0 end of the WRKY 33 intron using an In-Fusion HD Cloning kit (Clontech). This inverted repeat was recombined with the pMDC7 vector.
To generate pUBQ10:YFP-TUB6, the coding sequence of TUB6 cloned into the pEntr/D-TOPO vector was recombined with pUBN-YFP-Dest vector [19] .
For the GUS reporter assay, a 2-kbp promoter region of IQD13 including the first 18 bp of the coding sequence was PCR amplified and cloned into the pEntr/D/TOPO vector, followed by recombination with the pGWB533 vector. All clones were verified by DNA sequencing. 
, in which F 0 is fluorescence after photobleaching, F inf is fluorescence when recovery reached the plateau stage, t is time, and k off is the first-order rate constant that describes the rate of recovery [20] . Curve fitting was performed using KaleidaGraph software (Synergy Software). The t 1/2 was calculated as ln(2)/k off .
Transmission electron microscopy
Three-day-old Arabidopsis Col-0 suspension cells treated with 2 mM estradiol or DMSO as a control were fixed with 4% formaldehyde and 2% glutaraldehyde prepared in PMEG buffer (50 mM PIPES, 1 mM MgSO 4 , 5 mM EGTA and 1% glycerol (v/v), pH 6.8) for 4 hr at room temperature (23 C). After washing with PMEG buffer, the samples were fixed with 1% OsO 4 prepared in PMEG for 2 hr at 23 C. After washing with PMEG buffer again, the cells were embedded in low melting point agarose (Thermo Fisher Scientific) on a glass slide. Pieces of agarose including cells were dehydrated in a graded methanol series, treated with propylene oxide, and then embedded in Epon 812 epoxy resin (TAAB). Sections (80 nm thick) on a copper grid were stained with uranyl acetate and lead citrate. The grids were observed and images were acquired using a transmission electron microscope (JEOL JEM-1400).
Preparation of plasma membrane ghosts
Plasma membrane ghosts were prepared as described previously [21] , with slight modifications. Briefly, 3-d-old Arabidopsis Col-0 suspension cells were digested with 1% Cellulase Onozuka R10 (Yakult Pharmaceutical Industry) and 0.1% Pectolyase Y-23 (Kyowa Chemical Products) in 0.6 M mannitol for 3 hr. The released protoplasts were washed three times with 0.8 M mannitol and attached to coverslips coated with 1 mg mL -1 poly-l-lysine (Sigma). The attached protoplasts were lysed by vigorous shaking in lysis buffer (50 mM PIPES, 5 mM EGTA, 2 mM MgCl 2 , pH 6.9). For immunofluorescence staining of microtubules, the ghosts on coverslips were fixed in 3.7% formaldehyde and PME buffer (50 mM PIPES, 1 mM MgSO 4 , 5 mM EGTA, pH 6.8) at room temperature for 30 m. Fixed ghosts were washed three times with PME buffer and incubated with the mouse monoclonal anti-a-tubulin antibody DM1A (1:50; MS-581-P0; Thermo Scientific) for 30 m. After three washes, the ghosts were incubated in Alexa 488-labeled anti-mouse IgG antibody (1:500; A11029; Thermo Scientific) for 30 m.
Transient expression in Nicotiana benthamiana
Transient expression in N. benthamiana was performed as described previously [3] . Rhizobium radiobacter strains GV3101 MP90 harboring expression constructs were grown in LB media with appropriate antibiotics, harvested by centrifugation at 4500 rpm for 10 min, and resuspended in infiltration buffer (10 mM MES (pH 5.7), 10 mM MgCl2, 50 mg/L acetosyringone). The cultures were adjusted to an OD600 of 1.0 and incubated at room temperature. Equal volumes of cultures of different constructs were mixed for co-infiltration, and then mixed with a culture of R. radiobacter carrying the p19 silencing suppressor in a 1:1 ratio. The resulting cultures were infiltrated into leaves of 3-to 4-week-old N. benthamiana. The leaf samples were harvested 2 d after infiltration and inoculated for 1 d with 2 mM estradiol for subsequent observation.
Inhibitor treatment
Five-d-old wild-type seedlings were cultured on MS agar medium supplemented with 10 mM Taxol (Wako, 10 mM stock in DMSO) for 2 d. Leaf samples were incubated for 1 d in liquid MS medium containing 2 mM estradiol and 0, 5, 10, or 30 mM oryzalin (Wako, 10 mM stock in DMSO) or 30 mM Taxol.
Quantitative RT-PCR analysis Total RNA was prepared from Arabidopsis cells using the SDS-phenol method, treated with DNase, and purified using an RNeasy Plant Mini kit (QIAGEN) as described previously [4] . After reverse transcription with the oligo(dT)20 primer and SuperScript III reverse transcriptase, quantitative RT-PCR was performed using a LightCycler 96 Instrument (Roche Diagnostics) with FastStart Essential DNA Green Master (Roche Diagnostics). Quantitative RT-PCR analysis of UBQ10 expression was performed as a control. Quantification of gene expression was performed using LightCycler software, and the relative expression level was calculated compared with that of UBQ10.
QUANTIFICATION AND STATISTICAL ANALYSIS Quantification of microtubule dynamics
To analyze microtubule dynamics, the positions of the plus ends of microtubules were recorded from time-lapse images taken at 6 s intervals. The growth rate and shrinkage rate were calculated as averages of the relative changes in microtubule length with respect to the starting position of tracking. Changes in microtubule length smaller than 100 nm 6 s -1 were classified as pausing and were not included in the calculation of growth rate and shrinkage rate. Catastrophe frequencies and rescue frequencies were calculated as described previously with slight modifications [22] . Catastrophe frequencies were calculated as the total number of observed switches from the growth phase or pausing phase to the shrinkage phase divided by the total observation time of the growth phases and pausing phases. Rescue frequencies were calculated as the total number of observed switches from the shrinkage phase to the growth or pausing phase divided by the total time of observed microtubule shrinkage. The pausing phase was considered to be a growing phase; however, the pausing phase between shrinkage phases without growth was considered to be a shrinkage phase.
Quantification of secondary cell wall pit shape To determine the area and aspect ratio of secondary cell wall pits, DIC images of metaxylem vessels were analyzed using ImageJ [17] . The region of secondary cell wall pits were manually selected and then the area as well as the length of long axis and short axis of the secondary cell wall pits were acquired by the analyze particle function. The aspect ratio was calculated as the length of long axis divided by the length of short axis.
Statistical analysis
Statistical analysis was performed using Student's t test and ANOVA with Scheffe test. Sample size (n) and p value are indicated in the Figure Legends. 
